Abstract-Exposure of rats to an odor of a predator can elicit an innate fear response. In addition, such exposure has been shown to activate limbic brain regions such as the amygdala. However, there is a paucity of data on the phenotypic characteristics of the activated amygdalar neurons following predator odor exposure. In the current experiments, rats were exposed to cloth which contained either ferret odor, butyric acid, or no odor for 30 min. Ferret odor-exposed rats displayed an increase in defensive burying versus control rats.
The amygdala is an important brain region in facilitating fear and anxiety, and amygdala dysregulation has been linked to anxiety-associated disorders. As a pivotal region for processing sensory stimuli and output to effector regions involved in behavioral and emotional responses (for reviews see Millan, 2003; Rosen and Donley, 2006; LeDoux, 2007; Rosen et al., 2008; Butler and Finn, 2009 ), the amygdala is also a prime target for anxiety-related therapeutics (for review see Mathew et al., 2008) . However, the amygdala contains phenotypically-distinct neuronal populations which potentially play unique roles in the facilitation of stress and fear (McDonald, 2003 , for review see Sah et al., 2003; Reznikov et al., 2008; Truitt et al., 2009 ). Studies to date have been limited in their ability to properly characterize the activation of these neuronal subpopulations of the amygdala following exposure to anxiety-inducing threats.
A common test of unconditioned aversion exposes a rodent to a predator odor which elicits an innate fear response even if the rodent has never encountered the predator before. Such exposure elicits defensive behaviors such as burying, excessive rearing, freezing, escape attempts, and flat-backed approaches to the source of the odor, as well as other anxiety-related behaviors (for reviews see Fendt et al., 2005; Takahashi et al., 2005) . Anxiety-like responses in rodents have been reported with several odors, including cat and ferret odor (Blanchard et al., 1990; Masini et al., 2005) , and 2,5-dihydro-2,4,5-trimethylthiazoline (TMT), a component of fox urine (VernetMaury, 1980) . The use of cat or ferret odor has repeatedly shown to induce robust fear-related behaviors in rodents (Masini et al., 2005; Staples and McGregor, 2006) . c-Fos is the protein product of the immediate-early gene, c-fos, and is widely used as a marker for neuronal activation (for review see Herrera and Robertson, 1996) . In addition to eliciting fear-related behaviors, exposure to the odor of a predator has been shown to induce c-Fos expression in several limbic brain regions of rodents. For example, Staples et al. (2008b) showed increased c-Fos expression in the medial prefrontal cortex and hypothalamus (among others) following exposure to cat odor compared to control odor, while Masini et al. (2005) showed increased c-Fos mRNA expression in regions such as the basolateral and medial amygdala and the periaqueductal grey in ferret odor-exposed rats compared to controls. While such studies are valuable in terms of elucidating neural pathways involved in response to stress/anxiety, further studies are needed to determine the phenotypic and functional characteristics of the activated neurons in these different brain regions. ; fax: ϩ1-803-733-1523. E-mail address: ryan.butler@uscmed.sc.edu (R. K. Butler) . Abbreviations: BLA, basolateral amygdala; CaMKII, Ca 2ϩ /calmodulindependent protein kinase II; CB, calbindin; CEA, central nucleus of the amygdala; CR, calretinin; MEA, medial nucleus of the amygdala; PV, parvalbumin; SOM, somatostatin; TMT, 2,5-dihydro-2,4,5-trimethylthiazoline; VIP, vasoactive intestinal peptide.
The amygdala consists of numerous subnuclei, each containing a heterogeneous population of neurons. McDonald and Betette (2001) and Mascagni (2001, 2002) showed that in the basolateral amygdala (BLA), pyramidal and non-pyramidal neuronal subpopulations can be differentiated with protein markers. In the BLA, pyramidal, glutamatergic neurons contain calcium-binding protein alpha type II calcium/calmodulin-dependent protein kinase (CaMKII) and non-pyramidal GABA-containing neurons contain different types of calcium-binding proteins such as calbindin (CB) and/or parvalbumin (PV) (McDonald and Mascagni, 2001) . Further studies showed direct innervation from PVcontaining neurons in the BLA to the major glutamatergic pyramidal subpopulation of neurons which contain CaMKII . Thus, it is possible that stressful stimuli might activate phenotypically-distinct neurons of the BLA, and this differential activation might engage distinct circuits in the amygdala. Such altered activation of neuronal subpopulations of the BLA has been observed following acute and repeated restraint stress (Reznikov et al., 2008) as well as with the expression of conditioned fear (Burghardt et al., 2006) . Characterization of phenotypically distinct neuronal populations in the central and medial nuclei of the amygdala (CEA and MEA, respectively) have not been investigated as fully as with the BLA; however, studies have shown CB-positive immunoreactivity in the CEA and MEA (Pitkanen and Amaral, 1993a; Kemppainen and Pitkanen, 2000) with virtually no PV-positive immunoreactivity (Pitkanen and Amaral, 1993b; Sorvari et al., 1995; Zahm et al., 2003) .
We have previously shown that exposure to ferret odor elicits anxiety-related behaviors such as freezing and defensive burying and that microinjection of various compounds into the amygdala can alter these behavioral responses (Wilson and Junor, 2008) . To further elucidate the role of the amygdala in predator-induced defensive behaviors, in the present study we examined the activation of neuronal populations induced by exposure to predator odor in amygdalar subnuclei. We hypothesized that exposure of rats to predator ferret odor would activate the glutamatergic pyramidal subpopulation of neurons (CaMKIIϩ) in the BLA and also activate distinct sets of GABAergic neuronal subpopulations (PVϩ or CBϩ) which project an inhibitory control over these excitatory pyramidal neurons. Using dual-labeled immunohistochemistry, we sought to determine the extent of c-Fos expression in CaMKII-, PV-, and CB-positive neurons in subnuclei of the amygdala following exposure to no-odor, a noxious butyric acid odor (Hebb et al., 2004) , and ferret odor in rats.
EXPERIMENTAL PROCEDURES Animals
Male Long-Evans rats (Harlan Laboratories, Indianapolis, IN, USA), weighing approximately 250 -300g were single-housed in an environmentally controlled animal facility on a 12:12 h light: dark cycle with lights on at 0700 hours. Purina rat chow and water were available ad libitum. All experiments were conducted during the light phase, beginning at least 2 h after light phase onset. Animals were housed in an animal facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Animal care and use procedures were carried out in accordance with protocols written under the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of South Carolina.
Behavioral testing
The defensive burying test was performed as described in Wilson and Junor (2008) with the addition of two groups of rats which were exposed to either low or high amounts of butyric acid. A Plexiglas chamber (45ϫ30ϫ44 cm 3 ) filled up to a depth of 5 cm with fresh pine bedding with either a piece of untreated gauze (control), gauze with low (25 l) or high (50 -100 l) amounts of butyric acid (based on Hebb et al., 2004) , or a piece of ferretscented towel (5 cm 2 ) placed 2 cm above bedding, was used for this analysis (towels a generous donation from Dr. John Hines from Yale University). In a second set of experiments, rats were habituated to the novel arena for two consecutive days prior to testing. The habituation phase lasted for 30 min and was recorded onto videotape. On the test day, rats in the second set of experiments were exposed to either a piece of untreated gauze, gauze treated with a high volume (100 l) of butyric acid, or the ferretscented towel. In the second set of experiments, there were three behavioral groups; however, because the behavior data for both the first and second experiments showed similar patterns, the data were combined giving a total of four behavioral groups: control, low butyric, high butyric, and ferret. On the day of testing, rats were placed in the Plexiglas chamber with the odor, and behavior was recorded onto videotape for a duration of 30 min. Immediately after the behavioral trial, rats were placed back into the home cage. One hour 30 min later (2 h from the beginning of the behavioral trial), rats were placed under deep isoflurane anesthesia and transcardially perfused with 0.1 M phosphate buffer followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed, post-fixed overnight and transferred to 30% sucrose solution in 0.1 M phosphate buffer for cryoprotection. Serial coronal sections (45-50 m) were cut on a microtome and stored at Ϫ20°C in anti-freezing solution (30% sucrose and 30% ethylene glycol in 0.1 M phosphate buffer) until they were processed for immunohistochemistry.
Behavioral assessment
A trained rater blind to the experimental conditions assessed behavior using the Observer ® XT 9.0 software package (Noldus Information Technology, Wageningen, The Netherlands). Latency to bury, duration of burying (defined as spraying bedding toward the gauze/towel), duration of tunneling (defined as the act of burrowing under the bedding), duration of freezing behavior (defined as the cessation of all movement except that needed for respiration), the number of flat-backed approaches (defined as elongation of the body while moving slowly to the source odor) to the ferret-scented cloth, the duration of walking, grooming, sniffing, the number and duration of rears (defined as number of times the animal lifted both forelimbs) and the number of escape attempts (defined as jumping towards the top of the chamber) were measured from videotapes for the duration of the 30 min test. In the absence of burying, animals were assigned a latency to bury of 30 min and duration of burying of zero.
Immunohistochemistry
Single-and dual-label immunohistochemistry (c-Fos, c-Fos and CaMKII, c-Fos and PV, or c-Fos and CB) was performed on representative sections through the rostro-caudal extent of the Please cite this article in press as: Butler RK, et al., Activation of phenotypically-distinct neuronal subpopulations of the rat amygdala following exposure to predator odor, Neuroscience (2011), doi: 10.1016/j.neuroscience.2010.12.001 amygdala. Briefly, all sections were initially incubated with either rabbit (1:10000) or goat (1:1000) anti-c-Fos antibody in Tris-buffered saline (TBS) with 4% normal horse serum and 0.2% Triton X-100 for 48 h at 4°C; [Calbiochem, La Jolla, CA, USA for rabbit, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA]. This was followed by incubation with a biotinylated donkey anti-rabbit or donkey anti-goat secondary antibody (1:1000) for 1.5 h at room temperature (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) and then horseradish peroxidase-conjugated streptavidin for 1 h at room temperature; (1:1600; Jackson ImmunoResearch Laboratories Inc.). c-Fos immunoreactivity was visualized by developing the sections in a nickel-cobalt intensified diaminobenzidine solution with 0.3% hydrogen peroxide, yielding a blue-black reaction product confined to the nucleus of c-Fospositive cells (standard mounting, dehydration, and coverslipping then proceeded for single-labeled c-Fos immunohistochemistry). After c-Fos staining, sections were incubated in mouse primary antisera directed against CaMKII (1:500; Upstate, Lake Placid, NY, USA), PV (1:8000; Sigma-Aldrich, St. Louis, MO, USA), or CB (1:5000; Sigma-Aldrich) at 4°C for 48 h, followed by incubation with unlabeled donkey anti-mouse secondary antibodies (1:100; Jackson ImmunoResearch Laboratories Inc.) for 2 h at room temperature and finally with mouse peroxidase-anti-peroxidase (1:250; Covance, FL, USA). Immunoreactivity for CaMKII, PV, or CB was visualized by developing the sections in plain diaminobenzidine solution with 3.0% hydrogen peroxide, yielding a brown reaction product confined to the cytoplasm of immunoreactive cells with these markers. For each marker, immunohistochemistry from amygdalar sections from the control, butyric acid-exposed and ferret odor-exposed rats were processed at the same time. After standard mounting, dehydration and coverslipping procedures, total numbers of neurons labeled with cFos, CaMK, PV or CB were counted, as well as numbers of dual-labeled neurons showing c-Fos positive nuclei and cytoplasm stained with CaMKII, PV or CB under a light microscope at 10ϫ magnification. Subregions of the amygdala (BLA, CEA, and MEA) in the left and right hemispheres were counted from one representative section in the anterior (from bregma: Ϫ1.80 mm to Ϫ2.30 mm) and posterior (from bregma: Ϫ2.56 mm to Ϫ3.30 mm) portions of the amygdala (Fig. 1) . Neuronal counts were done by investigators blinded to the treatment condition of the sections. For single-labeled c-Fos in each region as well as single and dual-labeled CaMKII-, CB-, and PV-immunoreactivity in the MEA, counts were made with the use of a reticle encompassing an area of 0.1225 mm 2 at 20ϫ magnification to generate a density of labeled neurons per mm 2 . In tissue with dual-immunohistochemical staining, all labeled neurons within the boundaries of the anterior and posterior BLA and CEA were counted. The average area of the anterior/posterior BLA and CEA was then calculated from three representative samples. The total number of neurons from single and duallabeled neurons from dual-stained tissue was then divided by the average area of the subregion to determine the density of the immunoreactive cells per mm 2 . Photomicrographic images were captured with a Photometrics CoolSnap digital camera (Roper Scientific, Trenton, NJ, USA) linked to a computer equipped with IPLab software. Images were collected and imported into Adobe Photoshop where minor adjustments for contrast and brightness were made.
Experimental optimization for the medial amygdala
During our initial experiment we observed that the development time with diaminobenzidine required for assessing CaMKII immunoreactivity in the MEA was greater than the developmental time needed for BLA and CEA. Therefore, we conducted a second experiment to provide enough tissue for adequately analyzing changes in the MEA. Due to a change in husbandry procedures (bedding) at our institution, we decided to add the habituation protocol prior to testing with the odors. The patterns of singlelabeled c-Fos labeling in the BLA and CEA did not differ (statistically) between habituated versus non-habituated rats nor did the patterns for double-labeled immunohistochemistry. Thus, the immunohistochemistry data presented for the BLA and CEA represent the combined data from habituated and non-habituated rats. The CaMKII immunohistochemistry data for the MEA, however, is only presented from the sections which received a longer duration of development during immunohistochemistry in animals that had been habituated to the testing arena. Note that the longer developmental time did not make it difficult to count dual labeled c-Fos/ CaMKII-labeling in the BLA and CEA.
Data analysis
The four odor exposure groups were compared using a one-way analysis of variance (ANOVA) for behavioral and immunohistochemistry parameters in each region. Immunohistochemistry data were expressed as a percentage of CaMKII-, PV-, or CB-labeled neurons with c-Fos-positive nuclei in each subregion of the amygdala (see Fig. 1 ). Total cell counts for single-labeled neurons with each marker were also compared (Table 1 ). In addition, the percentage of c-Fos-positive neurons with CaMKII-, PV-, or CBlabeled cell bodies was also generated (Table 2) . Cell counts were performed in left and right hemispheres as well as anterior and posterior levels to assess the possibility of hemispheric and rostrocaudal differences in neuronal activation. To determine total anterior or posterior labeling, counts from the left and right were added together; similarly, to determine total left and right labeling, counts from the anterior and posterior portions of each amygdala subregion were added together; finally, to determine total labeling for a specific subregion, total counts for the left, right, anterior, and posterior portions were added together. Two-way analysis of variance (ANOVA) was initially performed to determine the effects of odor exposure, anterior and posterior differences, and the interaction on total cFos activation. Since differences in total cFos activation were found between anterior and posterior sections, one way ANOVA was then performed in dual-label experiments to determine the effects of odor exposure in each separate subregion. Due to low tissue quantities, analysis of c-Fos and CB double-staining for the low butyric acid group were not included in the final data set. Data were analyzed using GraphPad Prism software (v. 5.03; La Jolla, CA, USA) with significance level set at alphaϭ0.05. The source of significant (PϽ0.05) main effects was determined by post hoc Student-Newman-Keuls (SNK) comparisons.
RESULTS

Exposure to ferret or noxious odor elicits fear behaviors in naive rats
Rats which had never encountered a predator ferret expressed innate fear-related behaviors upon exposure to the odor of a ferret. One-way analysis of variance (ANOVA) revealed a significant effect of odor exposure on the duration of burying (F 3,38 ϭ6.540; Pϭ0.0004) ( Fig. 2A ) and the latency to begin burying (F 3,38 ϭ4.609; Pϭ0.0086) (Fig. 2B) . SNK post hoc test revealed that exposure to ferret odor resulted in the expression of robust innate aversive behaviors as indicated by an increase in the total duration of defensive burying (PϽ0.001) and a decrease in the latency to bury (PϽ0.05) compared to non-odor-exposed control rats. Exposure to high amounts of the noxious butyric acid odor also resulted in an increase in the duration of defensive burying (PϽ0.01) and a decreased latency to bury compared to non-odor-exposed rats (PϽ0.01), while exposure to low amounts of butyric acid resulted in a decreased latency to bury (PϽ0.05) but very low levels of burying behavior that did not differ from control levels (PϾ0.05). Further behavioral analysis showed a significant effect of odor exposure on the duration of sniffing (F 3,38 ϭ14.39; PϽ0.0001) (Fig. 2C ) and the duration of grooming (F 3,38 ϭ4.042; Pϭ0.0139) (data not shown). Post hoc analysis revealed that exposure to ferret odor or high amounts of butyric acid resulted in a significant (PϽ0.001) decrease in total duration of sniffing compared to controls and low amounts of butyric acid. Rats exposed to ferret odor also exhibited a significant (PϽ0.05) increase in the total duration of grooming compared to rats which were exposed to low amounts of butyric acid. No overall effect of odor exposure was measured on the duration of tunneling, freezing, walking, number of flat-back approaches, escape attempts, and the total number or duration of rears (data not shown).
Exposure to ferret odor increases the activation of CaMKII-positive neurons of the basolateral, central, and medial nuclei of the amygdala
The major glutamatergic population of the basolateral amygdala, indicated phenotypically as expressing high levels of CaMKII immunoreactivity , showed increased activation following exposure to ferret odor. One-way ANOVA showed a significant effect of odor-exposure on the percentage of CaMKII-positive neurons containing c-Fos immunoreactivity in the BLA (F 3,38 ϭ 11.96; PϽ0.0001) (Fig. 3A) . Post hoc analysis revealed a significant increase in the percentage of CaMKII-positive neurons with c-Fos in ferret-odor-exposed compared with control-(PϽ0.001), low butyric acid-(PϽ0.01), and high butyric acid-odor-exposed rats (PϽ0.001). Furthermore, a significant effect of odor-exposure on the percentage of CaMKII-positive neurons containing c-Fos immunoreactivity was observed in the CEA (F 3,38 ϭ6.073; Pϭ0.0019) (Fig. 3B ) and MEA (F 2,18 ϭ6.073; PϽ0.0001). A significant increase in the percentage of CEA CaMKII-positive neurons with c-Fos was seen in ferret-odor-exposed versus control-(PϽ0.01), low butyric acid-(PϽ0.05), and high butyric acid-odor-exposed rats (PϽ0.01). There was also a significant (PϽ0.001) increase in the percentage of MEA CaMKII-positive neurons with c-Fos in ferret-odor-exposed versus control-and high butyric acid-exposed rats. As seen in Table 1 , the number of CaMKII-positive neurons did not differ between treatment conditions, except in the anterior CEA (F 3,38 ϭ4.415; PϽ0.01), and none of the odor-treatment groups differed significantly from control groups in the number of CaMKII-labeled cells in any region. The difference in anterior CEA is likely due to low number of CaMKII positive neurons and the small sample size in the low butyric acid group, and post hoc analysis showed that only the high butyric acid-exposed group differed significantly compared to the low butyric acid-exposed group in the CEA (PϽ0.01).
To determine the relative phenotypic proportions of c-Fos labeled neurons, we also investigated the percentage of c-Fos labeled neurons which contain CaMKII-, PV-, or CB-labeled cell bodies ( Table 2 ). As seen in Table 1 , amygdalar subregions showed increased c-Fos density after odor exposure. There was a significant effect of odorexposure on the density of single-labeled c-Fos neurons in the posterior MEA (F 2,18 ϭ6.463; Pϭ0.0088) and two-way ANOVA indicated a significant effect of odor exposure in BLA (F 3,67 
Exposure to ferret odor does not activate PV-positive neurons in the basolateral amygdala
The PV-immunoreactive neurons in the BLA are GABAergic, non-pyramidal interneurons (McDonald and Betette, 2001; McDonald and Mascagni, 2001) . We observed dense PV-positive neurons in the BLA, but no PV-positive neurons in the CEA or MEA, so results are confined to the BLA regions. The activation of PV-positive neurons, which are expressed exclusively in the lateral/basolateral nucleus in the amygdala, showed no significant change due to differential odor exposure (F 3, 17 ϭ0.556; Pϭ0.65) . The density of PV-positive neurons in amygdala subregions (Table 1) , and the percentage of PV-immunoreactive neurons colocalized with c-Fos were similar in all groups as shown in Fig. 4 . In addition, the percentage of c-Fosimmunoreactive neurons colocalized with PV was similar between groups as shown in Table 2 . Exposure to ferret-odor reduces CB-positiveneuronal activation in the anterior portion of the basolateral amygdala CB-positive neurons in the anterior portions of the BLA, which are exclusively non-pyramidal GABAergic interneurons (McDonald, 1997; McDonald and Mascagni, 2001) , showed significantly less activation following exposure to ferret odor compared to non-odor-exposed controls. Oneway ANOVA showed a significant effect of odor-exposure on the percentage of CB-positive neurons with c-Fos in the anterior portion of the BLA (F 2,28 ϭ12.42; Pϭ0.0002; Fig.  5A ), but not in the posterior regions of the BLA (F 2,33 ϭ0.7455; Pϭ0.4828). Post hoc analysis revealed a significant decrease in CB-positive neuronal activation in the anterior BLA of both ferret-(PϽ0.001) and high butyric acid-exposed rats (PϽ0.001) compared to non-odor-exposed control rats. One-way ANOVA showed a significant effect of odor exposure on the percentage of CB-positive neurons with c-Fos in the MEA as well (F 2, 16 ϭ12.45; Pϭ0.0008) . Surprisingly, exposure to high levels of butyric acid resulted in a significant decrease (PϽ0.01) in CB-positive neurons with c-Fos in the MEA compared to controls and ferret-odor exposed rats. There were no significant effects of odor exposure on the percentage of CB-positive neurons with c-Fos in the CEA (F 2,16 ϭ3.069; Pϭ0.0785), the number of CB-positive neurons (Table 1) , or the percentage of c-Fos-immunoreactive neurons colocalized with CB in any subregion (Table 2) .
DISCUSSION
Our results indicate that exposure of rats to a either a predator odor or high amounts of a noxious control odor elicits aversive behaviors such as increased defensive burying and a decrease in the latency to bury. Rats which had been exposed to the ferret-scented towel, but not high amounts of butyric acid, expressed increased co-localization of c-Fos, a marker of neuronal activation, with CaMKII in glutamatergic pyramidal neurons in the BLA. Furthermore, the anterior BLA of rats exposed to a ferret-scented towel or high amounts of butyric acid displayed significantly less co-localization of c-Fos with CB in GABAergic non-pyramidal neurons, but no changes in the activation of the GABAergic neuronal populations which contained PV in the BLA (anterior or posterior). Further results also showed an increased co-localization of c-Fos with CaMKII in the CEA and MEA of rats which had been exposed to ferret odor compared to controls.
The increase in aversive behaviors in rats upon exposure to a ferret odor corroborates a number of previous studies which showed similar behavioral effects (Masini et Campeau et al., 2008; Wilson and Junor, 2008; Masini et al., 2009 Masini et al., , 2010 Weinberg et al., 2009) . Olfactory receptors which are specific to predator threats are processed by unique zones in the olfactory bulb (Kobayakawa et al., 2007) , which project to and activate limbic brain regions such as the amygdala following exposure to predator odors (Hebb et al., 2002) . The specific type of odor has previously been shown to be an important factor in eliciting an aversive behavioral response. For example, studies of TMT by Vernet-Maury (1980) , Vernet-Maury et al. (1984) and others (for review see Fendt et al., 2005) have shown that TMT elicits anxiety-induced responses such as increased corticosterone release, freezing, and urination. However, recent studies by Staples and McGregor (2006) , Staples et al. (2008b) and others have suggested little to no avoidance behaviors in rats exposed to TMT. The olfactory bulb projects to the amygdala and recent evidence suggests that the MEA plays a prominent role in the expression of aversive behaviors following exposure to ferret odor as lesions to the MEA disrupted hypothalamo-pituitary-adrenocortical axis activation following ferret odor exposure-an effect not observed with CEA lesions ). However, we have previously shown that the CEA can regulate rat aversive behaviors to ferret odor through opioid-dependent mechanisms (Wilson and Junor, 2008) . The CEA is the major amygdalar output nucleus to downstream autonomic effector regions and receives intra-amygdalar neuronal projections from the BLA. However, previous studies investigating the activation of subnuclei of the amygdala following predator exposure have yielded mixed results. For example, Masini et al. (2005) showed an increase in mRNA expression for c-Fos following ferret odor exposure in the rat BLA and posteroventral MEA, but not the CEA-an effect corroborated with a similar study by Staples et al. (2008b) using cat odor. In contrast, Dielenberg et al. (2001b) showed that rat exposure to cat odor increased c-Fos expression in the MEA and CEA, but not the BLA. While these studies are important in elucidating overall activation of distinct brain regions, they do not indicate the functional and phenotypic characteristics of the activated neurons. On this point, one must also consider the difference between mRNA and protein as the dependent measure. Whether mRNA changes result in increased protein expression may depend on the duration, specific type, and context of the odor exposure and the timing of the analysis. Furthermore, when comparing results consideration should be made regarding the type of species (rats vs. mice), different strains (i.e. Sprague-Dawley vs. LongEvans), and differences in methodology (i.e. habituation to new environment, type of arena, etc.)-all of which could partially account for differences in behavior and c-Fos expression between studies.
In the current study, we show two key findings regarding the phenotypic characteristics of the activated neurons in the BLA following exposure to predator odor: (1) an increase in CaMKII-positive neuronal activation and (2) a decrease in CB-positive neuronal activation in the anterior portion of the BLA. The increase in glutamatergic CaMKIIpositive neuronal population suggests an increase in excitation to downstream effector regions. The increase in activation of CaMKII-positive neurons in the CEA, which receives projections from the BLA, appears to support this conjecture. We find it somewhat surprising that PV-positive neurons in the BLA were not activated following exposure to ferret odor as they do receive perisomatic innervations from CaMKII-positive pyramidal neurons in the BLA (McDonald et al., 2005) . It is possible that PV-positive neurons also receive inhibitory connections from other BLA or non-BLA neuronal subtypes. For example, inhibitory vasoactive intestinal peptide (VIP)-positive neurons in the BLA have been shown to innervate CB-positive neurons in the anterior BLA (McDonald and Pearson, 1989; Muller et al., 2003) . PV-positive neurons are a subpopulation of CB-positive neurons (McDonald and Betette, 2001) and thus it is possible that they receive excitatory (via CaMKII-positive neurons) and inhibitory (via VIP-positive or other) connections within the network, though this has not been shown directly. Previous studies have also shown that rats develop contextual fear with an environment previously associated with odor from the fur of a cat (Dielenberg et al., 2001a) , but not odor which originated from cat feces or with TMT (Blanchard et al., 2003) . Further experiments to determine if in fact the rats are forming a negative association with the contextual arena due to the exposure to ferret odor would be of interest.
Both CB and PV-positive neurons in the BLA have previously been shown to be mostly non-pyramidal and GABAergic (McDonald and Betette, 2001; Muller et al., 2006) . Furthermore, CB and PV-positive neurons in the BLA innervate and control CaMKII pyramidal neurons and seem to control circuit outputs (McDonald and Betette, 2001; . The decrease in activation in CB-positive neurons in the anterior portions of the BLA upon exposure to ferret odor suggests a decrease in inhibitory control of these CB neurons on the pyramidal, CaMKII-positive neurons of the BLA with the expression of predator odor-induced anxiety. Approximately 80% of PVpositive neurons contain CB and 60% of CB-positive neurons contain PV in the entire BLA (McDonald and Betette, 2001) . The high levels of CB co-localization with c-Fos in the control group compared to the ferret group without a similar effect on PV neuronal populations may be due to the fact that small populations of CB-positive neurons in the anterior BLA are not colocalized with PV, but are colocalized with the neuropeptide somatostatin (SOM) . Studies with SOM have shown no co-localization with PV but approximately 90% co-localization with CB in the BLA ). Thus, interesting future studies would be to determine if SOM-positive interneurons in the anterior BLA also exhibit decreased activation upon exposure to predator odor. The lack of change in the posterior regions of the BLA may be related to the fact that many pyramidal neurons show CB immunoreactivity in this region suggesting that the reduced neuronal activation of CB positive interneuron populations in the posterior BLA is offset by the activation CB-positive pyramidal neurons . Another major interneuronal subpopulation of the BLA contains the calcium binding protein calretinin (CR). CR-positive neurons in the BLA are highly co-localized with GABA but are mostly distinct from CB, PV and SOM Mascagni, 2001, 2002) . However, previous studies have shown no change in activation of CRpositive neurons following exposure to acute or repeated restraint stress (Reznikov et al., 2008) . In any rate, in addition to investigating SOM-positive neuronal activation following exposure to ferret odor, interesting future studies would also investigate activation of CR-positive neuronal activation in the BLA. Activation of this neuronal population might represent another interesting difference between predator odor exposure and restraint stress.
Previous studies have shown that rats exposed to acute restraint stress display a significant increase in the percentage of CaMKII, PV and CB neurons which colocalized with c-Fos in the BLA (Reznikov et al., 2008) . This would suggest differential activation of PV and CB containing interneurons based on the type of stressor (i.e., predator odor vs. restraint stress). Further supporting this hypothesis are the results of the current study which showed an increase in CaMKII-positive neuronal activation in the BLA in the ferret odor-exposed group and not the high butyric acid-exposed group. Given that neuronal activation of CB positive neurons in the BLA was similar between the high butyric and ferret odor-exposed groups, the possibility exists that anxiogenic (restraint, predator) stimuli are processed by CaMKII-positive projection neurons whereas noxious stimuli such as butyric acid are processed by both projection neurons and interneuronal populations. Most interestingly, CaMKII-containing neurons in the BLA and CEA were activated by exposure to a ferret odor, but not high levels of butyric acid, despite the similar behavioral defensive burying response in these two groups. This might suggest that activation of these neurons is associated with the detection of anxiogenic stimuli, rather than the specific behavior output, while other neuronal populations in the amygdala help determine the behavioral output. This would be supported by the activation of BLA CaMKII-containing projection neurons with both restraint stress (Reznikov et al., 2008) and predator odor (present study).
In addition to altered activation of BLA neurons, our data also show differential effects of odor exposure on neuronal populations in the MEA. In contrast to the BLA, populations of the neurons in the MEA have not been characterized as thoroughly. Our data show that exposure to ferret odor increases activation of CaMKII-positive neurons in the MEA. This result is not surprising considering that multiple studies have shown increased neuronal activation in the MEA following exposure to predator odor (Staples et al., 2008a,b; Samuelsen and Meredith, 2009a,b) . It has been suggested that when predator odor is detected by olfactory receptors the accessory olfactory bulb processes the information and activates the medial amygdala via glutamatergic projections (Hunt et al., in press ). We also show that exposure to high levels of butyric acid reduces the percentage of CB-positive neurons with c-Fos compared to controls and ferret odorexposed rats. This result is a little bit more difficult to explain mostly due to the lack of studies which have characterized projections to and from CB-positive MEA neurons. We can speculate that the reduction is, at least in part, due to the reduction in sniffing behaviors observed in high butyric acid-exposed rats that somehow does not correlate with the reduction of sniffing in ferret odor-exposed rats. More studies are needed to confirm these hypotheses as well as on the elucidation of the anatomy of neuronal subpopulations of the MEA.
There are suggestions that the amygdala does not play a major role in mediating responses to predators and most studies show little to no increase in c-Fos expression in the BLA upon exposure to predator odor (for review see Wallace and Rosen, 2001; Rosen et al., 2008) . Studies have shown, however, that lesions of the BLA significantly reduced aversive behaviors upon exposure to predator odor (Takahashi et al., 2007) . Further, while we show an increase in c-Fos expression in CaMKII-positive neurons in the BLA after ferret odor exposure, we also show a corresponding decrease in c-Fos expression in CB-positive cFos neurons in the BLA, which could explain the lack of differences in immediate early gene activation in some studies. The data presented here suggest a possible mechanistic role for the CB-positive interneurons and CaMKII-positive projection neurons in the BLA in predator odor-induced aversion, and suggest that distinct neuronal populations in the amygdala may be activated by different anxiogenic stimuli.
Our data show that in the BLA, CaMKII-, PV-, or CBpositive neurons represent approximately 60 -80% of all activated neurons following odor exposure. Thus, these three populations of neurons represent the majority of neurons activated by exposure to predator odor in the BLA. In contrast, in the CEA and MEA, these cell types represent approximately 20 -40% and 10%, respectively, of all activated neurons. The question remains then as to what phenotypic characteristics comprise the remaining percentage of activated neurons in the CEA and MEA. The lack of PV-immunoreactive neurons in the CEA and MEA confirms previous reports (Pitkanen and Amaral, 1993b; Sorvari et al., 1995; Zahm et al., 2003) . Previous data suggest that most neurons in the CEA contain neuropeptides such as neuropeptide Y, enkephalin, and somatostatin, corticotropin releasing factor and others (Simantov et al., 1977; Barden et al., 1981; Fischman and Moldow, 1982; Smith et al., 1985) and that these neuropeptidecontaining neurons may represent phenotypically and functionally distinct populations. Similarly, the MEA also has been shown to be abundant in neuropeptide-containing neurons. Interesting future studies would be to examine the activation of phenotypically distinct neurons in the CEA and MEA with a focus on the neuropeptides contained in the activated neurons.
One point of consideration remains in regards to whether the expression of the predator odor-induced anxiety is mediated through the activation of the distinct amygdalar neuronal populations. Tests which can selectively inhibit or activate selected neuronal populations would aid in determining whether a causal or passive role exists for the distinct neuronal populations in the expression of innate fear. Furthermore, c-Fos protein expression is not a direct measure of neuronal activation, and other immediate early genes could show distinct patterns of neuronal activation.
CONCLUSION
The study presented here enhances our knowledge of the amygdala circuitry involved in the expression of innate fear induced by the odor of a natural predator. We show that distinct neuronal populations in the amygdala are activated by different stressors/anxiogenic stimuli, suggesting that these stimuli activated unique neuronal circuits through this brain area. Such knowledge is important for the fundamental understanding of fear and anxiety and could be used to determine viable targets for anxiety-related disorders.
